Introduction
[2] For more than a decade the upper troposphere/lower stratosphere (UTLS) has attracted major research interest owing to its particular role in radiative forcing and chemistry-climate coupling. This is mainly due to strong contrasts between the chemical, dynamical, and radiative properties of the troposphere and the stratosphere [e.g., Shepherd, 2007] . The UTLS encompasses the tropopause, which from a dynamical point of view can be defined by an increase in static stability in the vertical (the thermal tropopause), or by the occurrence of a strong gradient in potential vorticity (PV) in the horizontal (the PV tropopause) [Danielsen, 1959] . The dynamical tropopause represents a partial barrier to (isentropic) mixing [e.g., Haynes and Shuckburgh, 2000] , and hence influences the distribution of chemical tracers in this region, for example as seen in strong gradients in aircraft measurements of H 2 O and O 3 at the tropopause [Browell et al., 1987] .
[3] The ozone tropopause defined in terms of either O 3 mixing ratio or vertical gradient of mixing ratio is, however, not coincident with the thermal tropopause, but rather located roughly 800 m below, pointing toward a more complex structure of the tropopause [Bethan et al., 1996] . More recently, in situ aircraft measurements of tropospheric tracers such as CO, excess NO y , and H 2 O have revealed that the tropospheric influence extends into the lowermost stratosphere (LMS) [Fischer et al., 2000; Zahn et al., 2000; Hoor et al., 2002 Hoor et al., , 2004 Pan et al., 2004] . The upper boundary of this tropospheric influence has been found to be limited to around 2 -3 km or 20-30 K potential temperature above the local tropopause, and is dependent on the tropopause definition chosen and the chemical tracer used to track the tropospheric influence. These observations helped evolve our understanding of a finite chemical transition layer across the tropopause, with partly tropospheric, partly stratospheric character [Shepherd, 1997; Haynes and Shepherd, 2001 ]. This region is sometimes referred to as the extratropical tropopause transition layer (ExTL). The basic existence of the ExTL is qualitatively understood: the largescale diabatic circulation transports aged stratospheric air downward, and limits the influence of troposphere-to-stratosphere transport events across the extratropical tropopause [Hegglin et al., 2005; Shepherd, 2007] . However, questions still remain about how best to characterize the ExTL, how its depth is controlled by transport processes, how to quantify the relative contributions of quasi-horizontal (isentropic) versus vertical (cross-isentropic) transport in establishing the ExTL, and how these factors might change under climate change. Moreover, our present knowledge comes mainly from aircraft measurements with limited geographical and seasonal coverage.
[4] Recent work by Birner et al. [2002] and Birner [2006] , using high-resolution radiosonde data, has shown that the dynamical tropopause also shows a transition layer exhibiting strongly enhanced static stability (N 2 ) values and lying just above the extratropical thermal tropopause. This layer is called the tropopause inversion layer (TIL). Seasonal and latitudinal variations of the TIL have been investigated by Randel et al. [2007] using GPS occultation data, and its depth in the Northern Hemisphere (NH) was quantified by Bell and Geller [2008] . The depths of the TIL and the chemically defined ExTL seem to be similar. Since it has been suggested that the ExTL is statistically centered at the thermal tropopause [Pan et al., 2004] , a question that arises is whether there is any special dynamical structure within the tropospheric side of the ExTL.
[5] To address the above topics, it is necessary to compare the ExTL and the TIL over a wider latitude range than hitherto covered by aircraft measurements, to investigate interhemispheric differences, and to study their seasonal behavior. To this end, we use the limb-viewing Atmospheric Chemistry Experiment Fourier Transform Spectrometer (ACE-FTS) on Canada's SCISAT-1 satellite [Bernath et al., 2005] , which has provided accurate measurements of numerous chemical species throughout the middle atmosphere with high vertical resolution of <1 km extending into the upper troposphere, and with latitudinal sampling that covers both hemispheres (aircraft campaigns focusing on the ExTL were mainly carried out in the NH). The high quality and capability of the measurements to resolve the small vertical length scales found in the UTLS tracer structure have previously been shown by comparison with aircraft measurements [Hegglin et al., 2008] . Thus, the ACE-FTS measurements provide a valuable data set for investigation of the UTLS.
[6] The paper is structured as follows. Section 2 provides the description of the ACE-FTS data and the derived meteorological products (DMPs) used in this study. In section 3, we describe in detail the methods used, such as tropopause coordinates, tracer-tracer correlations, and relative vertical tracer gradients. We then show results including the climatological seasonal and latitudinal behavior of the tracer distributions in the UTLS (section 4), general features in tracer-tracer correlations (section 5), the latitudinal dependence and seasonal variability of the ExTL, and its relation to characteristic features of the TIL (section 6), and the strong relationship between the static stability structure and the H 2 O distribution as seen using relative vertical H 2 O gradients (section 7). A summary and discussion are given in section 8.
Data Description

ACE-FTS Satellite Data
[7] The Atmospheric Chemistry Experiment Fourier Transform Spectrometer (ACE-FTS) on Canada's SCI-SAT-1 satellite features high resolution (0.02 cm
À1
) and broad spectral coverage in the infrared (750 to 4400 cm
). The instrument operates in solar occultation mode [Bernath et al., 2005] Figure 5 in section 4.2 for the distributions of the profiles in the different seasons). ACE-FTS results are provided on two altitude grids, a 1-km grid common to all occultations and a ''retrieval grid'' that varies from occultation to occultation. For this study, we use the measurements on the retrieval grid in the altitude range between 5 and 25 km. The instrument has a 1.25 mrad field-ofview, which subtends an altitude range of 3 -4 km at the tangent point (the point of closest approach to the Earth for a solar ray measured by the instrument). However the ACE-FTS instrument collects measurements every 2 s which leads to substantial oversampling in the lower atmosphere. The altitude spacing between measurements varies over the course of the year, governed primarily by the beta angle (the angle between the satellite orbit plane and the Earth-Sun vector) of the occultation. The rate of change of altitude decreases with increasing beta angle, leading to higher vertical sampling for larger beta angles. At low altitudes, refraction effects and clouds also impact the measurement spacing. The altitude spacing in the UTLS varies from about 3 km to less than 1 km [Hegglin et al., 2008] . Validating ACE-FTS against aircraft measurements in the UTLS of the NH midlatitudes has shown the high precision and high vertical resolution of the ACE-FTS retrievals [Hegglin et al., 2008] ; the uncertainty introduced by the limited vertical resolution of the ACE-FTS measurements is only around 5-15% in the tropopause region, with higher impact on O 3 than on CO and H 2 O. In order to provide a theoretical explanation for the high vertical resolution of the ACE-FTS, we performed further a quantitative assessment of the effect of vertical smearing. The results are shown in Appendix A.
Comparison between ACE-FTS and SPURT aircraft measurements using tropopause based coordinates yielded relative differences of 9% and 12% for CO, 30% and 18% for H 2 O, and 25% and 19% for O 3 in the upper troposphere (UT) and lower stratosphere (LS), respectively, while ACE-FTS O 3 showed smaller differences from ozonesonde mea-surements of 18% in the UT and 8% in the LS [Hegglin et al., 2008] . 
Derived Meteorological Products
[9] The thermal tropopause height was derived for each ACE-FTS retrieval using the Reichler et al. [2003] algorithm which is based on the WMO definition, i.e., the lowest level at which the lapse rate drops to 2 K km À1 or less, and the average lapse rate between this level and all higher levels within 2 km does not exceed 2 K km À1 [World Meteorological Organization, 1957] . Because ACE-FTS does not retrieve temperature profiles below around 12 km, we use temperature profiles from the Goddard Earth Observing System, Version 5 (GEOS-5) data assimilation system to identify the thermal tropopause. The temperature fields are interpolated onto the ACE measurement locations in time and space. For retrieval locations where the GEOS-5 analyses were not available (before August 2004) we used an older set of derived meteorological products (DMPs) from GEOS Version 4 (GEOS-4). The GEOS-5 analyses are described by Reinecker et al. [2008] . They are provided on 72 model levels from the surface to 0.01 hPa, and a 0.5°l atitude by 2/3°longitude grid. The vertical resolution in the tropopause region is about 1.1 -1.2 km. The interface between the observations and the Global Circulation Model (GCM) is performed using the incremental analysis update (IAU) [Bloom et al., 1996] , which produces generally smoother analyses. GEOS-5 replaced the GEOS-4 analyses, which are described by Bloom et al. [1996] . The GEOS-4 data used were provided on 55 hybrid (s/pressure) model levels from the surface to 0.01 hPa. The horizontal grid is 1.0°latitude by 1.25°longitude. Both model versions provide 6-hourly average fields centered at 0000, 0600, 1200 and 1800 UT. Besides the standard meteorological variables, GEOS products include an extensive set of fields from the model and assimilation system, including PV calculated internally in the model.
[10] Manney et al. [2008] found little or no relative bias in tropopause locations derived from GEOS-4/5 and European Center for Medium-Range Weather Forecasts (ECMWF) operational analyses in the Arctic region. Those results are supported by an unpublished comparison of tropopause heights along the SPURT aircraft data set between 30°N and 70°N derived from the two data sets showing differences in the variability (±0.8 km), and a small systematic offset of À0.2 km in the GEOS-4/5 values. A comparison between GEOS-4/5 and the tropopause heights determined from the ACE-FTS temperatures (in combination with the Canadian Meteorological Center (CMC) analyses below <12 km) resulted in a systematic offset of À0.06 ± 0.7 km. In addition, our comparisons of GEOS-5 with National Centers for Environmental Prediction (NCEP) tropopauses (not shown) for several individual flights of the Stratosphere-Troposphere Analyses of Regional Transport 2008 (START-08) [Pan et al., 2007a] aircraft campaigns show no evidence for a systematic bias.
GPS Radio Occultation Temperature Data
[11] In this study we use the temperature and static stability climatology derived from Global Positioning System (GPS) radio occultation temperatures by Randel et al. [2007] . The GPS temperature data used to establish the climatologies were obtained from the Challenging Minisatellite Payload (CHAMP) in the extratropics between 2001 and 2006. The data were sampled on a 200 m vertical grid. The precision of individual profiles was better than 0.6 K in the altitude region between 5 and 15 km. For a more detailed description and the processing of the data we refer the reader to Randel et al. [2007] and references therein.
Diagnostic Methods
Tropopause Coordinates
[12] Tropopause coordinates (i.e., using vertical profiles of a variable of interest relative to the tropopause height) are widely used in UTLS studies of both chemical tracer distributions [Logan et al., 1999; Hoor et al., 2004; Pan et al., 2004; Hegglin et al., 2006] and dynamical variables [Birner et al., 2002; Birner, 2006; Randel et al., 2007] . The use of the tropopause coordinate system reduces geophysical variability caused by synoptic-scale and planetary-scale wave activity. These act to smooth the structures found in UTLS data in climatological evaluations using geometric altitude as the vertical coordinate. As seen in Figure 1 , by moving from geometric altitude to tropopause coordinates, the vertical profiles of chemical tracers become more compact and reveal a sharp gradient between tropospheric (Figures 1a and 1b) and of altitude relative to the thermal tropopause (Figures 1c and 1d ).
and stratospheric tracer mixing ratios [see also Pan et al., 2004] . The tropopause coordinate system facilitates the investigation of the specific structure of a given tracer across the tropopause [e.g., Hoor et al., 2004] , the validation of the representation of this region in chemistry-climate models [Pan et al., 2007b] , and the validation of satellite data with noncoincident aircraft, balloon, or other satellite measurements [Hegglin et al., 2008] . The use of tropopause coordinates is also suggested for trend studies (e.g., of O 3 ), since trends in the upper troposphere and lower stratosphere are of opposite sign [Logan et al., 1999] and therefore are very likely to be smeared out in a geometrical average.
[13] Observations [Bethan et al., 1996] have shown that when the tropopause is strongly deformed, the ozone tropopause follows the dynamical tropopause more closely than it does the thermal tropopause. This makes sense because while the dynamical tropopause is a Lagrangian coordinate, the thermal tropopause is not [Wirth, 2003] . Nevertheless, we use the thermal tropopause as our primary reference in the present study because it allows direct comparison to the ExTL study of Pan et al. [2007b] , and the TIL studies of Birner [2006] and Randel et al. [2007] . An additional advantage of the thermal tropopause over the dynamical tropopause is that it can be applied globally, and its calculation requires only the local vertical profile of temperature. A complete understanding of the ExTL would include an understanding of its structure in any coordinate system. In the present (incomplete) state of knowledge, the choice of coordinate is to some extent arbitrary and will be dictated by factors such as the above.
[14] In the tracer-tracer correlation method introduced in the following section, we will compare results for the thermal and the dynamical tropopause (defined by the 3.5 PVU surface, with 1 PVU = 10 À6 K m 2 kg À1 s
À1
). We have chosen the 3.5 PVU surface since it is available from the ACE-FTS DMPs and has been found to be close to the thermal tropopause [e.g., Highwood and Berrisford, 2000; Schoeberl, 2004] . However, the dynamical tropopause has been defined by a range of values between 1 and 4 PVU [e.g., Hoerling et al., 1991] . Studies by Hoor et al. [2004] and Hegglin et al. [2006] used the 2 PVU surface, which lies closer to the bottom of the ExTL. The results based on the PV definition of the tropopause depend strongly on the choice of PV value.
Tracer-Tracer Correlations
[15] The correlation between a tropospheric and a stratospheric tracer has proven to be an efficient way to identify the chemical transition across the tropopause [Fischer et al., 2000; Zahn et al., 2000; Hoor et al., 2002 Hoor et al., , 2004 Pan et al., 2004 Pan et al., , 2007b . To determine the depth of the ExTL, we use both the H 2 O-O 3 and the CO-O 3 correlations. Aircraft measurements have shown the two tracer pairs to yield different results for the ExTL depth (M. Krebsbach et al., Characteristics of the extra-tropical transition layer as derived from O 3 and H 2 O measurements in the UT/LMS during SPURT: II. Extent and seasonal variation, manuscript in preparation, 2009). The reasons for this behavior still need to be investigated, but the shorter lifetime of CO than H 2 O in the UTLS may be an important factor.
[16] In an ideal atmosphere with no mixing between the troposphere and the stratosphere, the correlation between CO (or H 2 O) and O 3 is expected to show a classical ''L shape'' [Fischer et al., 2000] , with a nearly linear relationship for both tropospheric and stratospheric branches. This feature is indeed observed in the tropics Figure 2 . Joint probability density function (PDF) of H 2 O-O 3 pairs for summer data (all years) between À5 and 8 km relative to the tropopause in the SH (a) 0°S-30°S, (b) 30°S-60°S, and (c) 60°S-90°S. The data are weighted with 1/n(z) Â N, where n(z) is the number of measurements found in the corresponding altitude bin of 1 km width in tropopause coordinates, and N is the total number of measurements used in the evaluation. The data were then binned into H 2 O and O 3 bins with widths of 0.05 and 0.025 ppmv, respectively.
for the H 2 O-O 3 correlation (shown as a probability density function (PDF) in Figure 2a) , where cross-tropopause mixing is expected to be small and upward motion is associated with dehydration at the tropopause [Brewer, 1949] . At higher latitudes, two-way mixing through synoptic-scale events becomes important [Appenzeller et al., 1996a] , and the warmer extratropical tropopause reduces water vapor less efficiently, leading to the erosion of the sharp transition between troposphere and stratosphere as seen in Figures 2b and 2c. As discussed by Hegglin and Shepherd [2007] , under such conditions the structure found in tracer-tracer correlations (in the form of scatterplots) mainly reflects sampling, and use of PDFs is preferable. The availability of the ACE-FTS satellite measurements in the UTLS allows the first computation of PDFs in this region. The PDFs in Figures 2b and 2c exhibit minima in the peak within the transition layer, where the maximum in the gradients are found. These minima indicate that the mixing in this region is limited, similar to the minima found in (onedimensional or joint) PDFs of stratospheric tracers, which indicate the presence of mixing barriers such as the subtropical edge or the polar vortex [Sparling, 2000; Hegglin and Shepherd, 2007] .
[17] Figures 2b and 2c also indicate that the depth of the ExTL increases with latitude, with the top of the transition layer at higher O 3 mixing ratios. As we will see later on, the expected L shape is not achieved in the CO-O 3 correlation because the chemical lifetime of CO is comparable to the transport timescales in the tropical tropopause layer.
[18] To derive the thickness of the ExTL empirically from tracer-tracer correlations, we follow the method suggested by Pan et al. [2007b] , as illustrated in Figure 3 . For a given latitude band and for profiles with tropopause heights <14 km (chosen to exclude air masses with tropical characteristics), the tropospheric branch of the H 2 O-O 3 or CO-O 3 correlation is defined by a linear fit to data with O 3 values 100 ppbv. This threshold is chosen at a higher value than the one used by Pan et al. [2007b] since the ACE-FTS O 3 measurements exhibit a high bias of $18% in the troposphere [Hegglin et al., 2008] . The stratospheric branch, on the other hand, is defined by a second order polynomial fit to data with H 2 O (CO) values 5 (0.03) ppmv and O 3 values 3 ppmv (the latter is to exclude data points above the O 3 maximum). The measurements that lie outside the 4-and 3-sigma ranges of the derived tropospheric and stratospheric fits, respectively, are then deemed to define the ExTL (red points in Figure 3a) . We then use a fit to the probability density function of their relative distances from the (thermal or dynamical) tropopause and define the ExTL bottom and top to include 95% of the surface (Figure 3b ). Note that, unlike Pan et al.
[2007b], we use a logarithmic scale for H 2 O.
[19] To test the robustness of the H 2 O-O 3 correlation method for deriving the thickness of the ExTL, we plot H 2 O, CO, and O 3 vertical profiles in tropopause coordinates using the same color code for tropospheric, stratospheric, and ExTL data points as in Figure 3a . The ExTL top is well defined by this method in the tropospheric tracer H 2 O, reaching up to the elbow observed in the H 2 O mixing ratios at around 3 km (Figure 3c ). This feature is not as well defined in the stratospheric tracer O 3 (Figure 3d ). The ExTL bottom, on the other hand, is well defined in O 3 , but not in H 2 O. This is consistent with the notion of the ExTL exhibiting properties of both the troposphere and the stratosphere. Figure 3e shows that the ExTL defined using the H 2 O-O 3 pair does not yield the expected ExTL extent when looking at the CO vertical profile; the strong kink in CO (which has also been found by Hoor et al. [2004] ) is observed at lower altitudes around 2 km rather than at 3 km as the elbow found in H 2 O. However, when the CO-O 3 correlation is used to define the ExTL, its extent is well captured in the CO profile.
Relative Vertical Tracer Gradients
[20] We introduce here a new approach for revealing the latitudinal structure of the ExTL based on chemical tracers: the use of relative vertical tracer gradients in tropopause coordinates, which is equivalent to the gradient of the logarithm. The motivation for this approach lies in the strong gradients revealed when plotting H 2 O on a logarithmic scale as seen in Figure 3c , or the strong CO gradient across the tropopause seen in Figure 3e . To this end, the data were binned into 0.25 km height bins relative to the tropopause height and 5°latitude bins. The vertical gradient was then calculated and divided by the mean tracer value found in the bin. This procedure resulted in longitudinally averaged cross sections.
Seasonality and Latitudinal Differences of Vertical Profiles in Tropopause Coordinates
[21] A first impression of the tropospheric influence on the lower stratosphere is obtained by looking at vertical profiles of the tropospheric tracers H 2 O and CO in tropopause coordinates (Figures 4a and 4b ). Both tracers show large values in the upper troposphere, a region with a pronounced tracer gradient (the ExTL), and smaller values in the lower stratosphere. These profiles are also very useful for model-measurement comparisons to test the capability of (chemistry-climate or chemistry-transport) models to capture the dynamical processes that determine the distinct features observed in tracer distributions in the tropopause region.
Water Vapor
[22] Figure 4a shows mean H 2 O profiles for different latitude bands and seasons in the extratropics. A clear seasonality is seen only in the high-latitude troposphere, in both hemispheres. The upper troposphere is moister during summer than during winter, a feature that extends into the ExTL. At high latitudes in Southern Hemisphere (SH) winter, H 2 O values are found to be smallest, likely because of the low temperatures in the Antarctic that lead to ice particle formation and subsequent fallout. Tropospheric influence is seen up to 2 -3 km above the tropopause, which is approximately the top of the ExTL. It is also up to this height that the variability in the H 2 O profiles is largest (not shown).
Carbon Monoxide
[23] Figure 4b shows mean CO profiles for different latitude bands and seasons in the extratropics. The profiles reveal the vertical structure of the CO tracer distribution and the large interhemispheric difference in tropospheric CO mixing ratios. Tropospheric CO values are around 55 ppbv in the southern and up to 150 ppbv in the northern high latitudes. The primary reason for the difference is larger emissions from fossil fuel combustion processes in the NH. A distinct seasonality in tropospheric CO with smaller values in summer and autumn, and larger values in winter and spring is observed. This seasonality can be explained by both larger emissions and a longer chemical lifetime of CO (due to less sunlight and limited production of hydroxyl radicals [Taylor et al., 1991] ) during winter and spring. There is also a pronounced maximum in tropospheric CO during spring in SH midlatitudes, caused by large CO emissions from biomass burning [Crutzen et al., 1985] .
[24] The profiles reveal that the transition between the troposphere and the stratosphere based on CO starts about 1-2 km below the thermal tropopause and occurs over a finite height up to around 2 km above the thermal tropopause. The chemical transition, especially at the bottom of the ExTL seems relatively smooth as opposed to stepwise. A stepwise transition would be expected if isentropic mixing from the subtropical troposphere into the lower stratosphere accounted for the main tropospheric fraction in the ExTL. Such transport would bring (in the NH) air masses with lower CO into the high-latitude ExTL owing to the observed strong pole-equator gradient in tropospheric CO. While this observation does not exclude isentropic mixing it points toward the importance of vertical (i.e., cross-isentropic) mixing through 3D turbulence generated by different dynamical processes as pointed out in a modeling study by Hegglin et al. [2005] .
[25] The same information as in Figure 4 is provided in a more illustrative way in Figure 5 using zonal mean meridional cross sections of the CO data in tropopause coordinates. Figure 5 reveals a strong latitudinal gradient in the CO in the NH troposphere. Sharp gradients are observed across the tropopause in both the vertical and the horizontal and reveal the ubiquitous existence of the ExTL in the extratropics, extending the findings by Hoor et al. [2004] to the SH. The gradients are especially strong at the subtropical jet (typically located near 30°latitude and around 13 km altitude), which has been shown to act as an efficient barrier to mixing [e.g., Haynes and Shuckburgh, 2000; Berthet et al., 2007] . The ExTL lies at higher potential temperatures in summer because of the upward shift of the tropopause due to a weaker Brewer-Dobson circulation.
[26] Figure 5 also shows the effect of ''ventilation'' [Berthet et al., 2007] or ''flushing'' [Hegglin and Shepherd, 2007] of the lower stratosphere with tropical tropospheric air. The flushing is reflected in the enhanced transport of younger tropical air masses from just above the subtropical jet to higher latitudes which increases CO mixing ratios between potential temperature levels of 400 -440 K by around 10 ppbv. Berthet et al. [2007] used trajectory calculations to show that the region between 370 and 410 K experiences a strong tropospheric influence during summer (within 30 days); Hegglin and Shepherd [2007] identified the same transport process by evaluating the seasonal cycle of the O 3 -N 2 O correlation slopes, an indicator of the chemical age of air masses. Hegglin and Shepherd [2007] show that the tropical influence reaches up to 420 ± 20 K and is weaker in the SH, consistent with the CO tracer distribution seen in Figure 5 during DJF.
General Features in the Tracer-Tracer Correlations
H 2 O-O 3
[27] Figure 6 shows an overview of the H 2 O-O 3 correlations for different seasons and latitude bands, colored according to the measurements' potential temperature calculated from ACE-FTS pressure and GEOS-5 temperature data. The correlations illustrate the seasonal evolution of the ExTL in tracer-tracer space. Equivalent latitude is not used in these figures, since the tracer-tracer correlations are themselves a tool to reveal characteristic tracer features of different air masses caused by specific dynamical and transport processes.
[28] As mentioned in section 3.2, the correlations in the tropics show the theoretical L shape, a result of small crosstropopause mixing and slow ascent of the air parcels associated with dehydration at the tropopause. The transition between the tropospheric and the stratospheric branches occurs at lower H 2 O mixing ratios during DJF and MAM than during JJA and SON for both hemispheres, reflecting the seasonal cycle in tropical tropopause temperatures with lower temperatures during NH winter. The transition occurs at potential temperature levels between 360 and 380 K. Moving to higher latitudes, mixing between the troposphere and the stratosphere becomes more important, and the warmer extratropical tropopause is less efficient in reducing water vapor. This results in the ExTL showing both tropospheric and stratospheric characteristics. The feature gets broader when moving from middle to high latitudes, except in SH winter where strong O 3 depletion and/or dehydration is shaping the correlations. Comparing the correlations in SH and NH midlatitudes indicates that the transition layer is broader in the NH. The apparent increase in the transition during NH winter and spring with higher O 3 ratios at the top of the transition, however, is mainly due to the seasonal variation of O 3 in the LMS due to the downward flow of stratospheric O 3 which maximizes in late winter and early spring [Logan, 1985; Haynes and Shepherd, 2001; Hegglin et al., 2006] .
[29] An interesting feature is seen in the SH polar region (Figure 6 , JJA/SON 60°S-90°S) during winter and spring, where the stratospheric branch is split. This is the result of the polar vortex acting as a barrier to mixing between high latitudes and midlatitudes. The branch with lower H 2 O mixing ratios results from dehydration processes within the polar vortex. In the NH midlatitudes during spring ( Figure 6, MAM 30°N-60°N) , the correlation shows a ''high-heel'' shape with a dry stratospheric branch reaching down to very low O 3 values. These air masses originate from lower latitudes and show typical tropical characteristics. During summer (Figure 6, JJA 30°N-60°N ), more air masses of tropical character can be found at latitudes between 30°N and 60°N because of the poleward shift of the subtropical jet. During summer, the ExTL top experiences a depression to lower O 3 starting at low latitudes and reaching the high latitudes by autumn. This is due to the flushing of the lowermost stratosphere with younger and therefore O 3 -poorer tropical air masses Hegglin and Shepherd, 2007] .
CO-O 3
[30] Figure 7 shows the same overview as in Figure 6 but for the CO-O 3 correlation. CO is a ''purer'' transport tracer than H 2 O since it is not affected by dehydration processes as it crosses the tropopause, and thus yields additional information. The high-heel shape found between 60°S and 90°S during SON implies that, as well as the dehydration described in the previous section, O 3 depletion also contributes to this feature. Only a weak seasonal cycle is observed in the tropics, and rather than an L shape, the correlations form a smooth curve starting at potential temperatures of around 340 K. CO steadily decreases from this point toward its midstratospheric steady state value of around 12-15 ppbv [Flocke et al., 1999] . A similar curvature is observed in the extratropical stratospheric branches, but starting at lower potential temperatures. The relatively short lifetime of CO ($3 months [Hoor et al., 2004] ) compared to the timescales of transport processes adds an uncertainty in the interpretation of features in the CO-O 3 correlations.
[31] Figure 7 suggests that the successful use of the CO-O 3 correlation in determining the ExTL depth following the method described in section 3.2 is strongly dependent on a representative sampling of the stratospheric branch which is smoothly curved rather than constant. The fit to the stratospheric branch is therefore likely to be better constrained by the ACE-FTS measurements than by most aircraft measurements, since the latter are limited by the aircraft's ceiling altitude. This discussion emphasizes the need to test the credibility of the fits using vertical tracer profiles as shown in Figures 3d and 3e (recall that Figure 3e was a negative example).
ExTL Depth
ExTL Depth Derived From the H 2 O-O 3 and CO-O 3 Correlations
[32] To quantify the global ExTL depth we determine the top and bottom of the ExTL following the tracer-tracer correlation method of Pan et al. [2007b] , as described in detail in section 3.2. Because the ACE-FTS is an occultation instrument with sampling limited to two latitudes each day, the data are examined over an entire season and over the whole 3-year observation period, to evaluate seasonal rather than monthly means [see also Hegglin and Shepherd, 2007] . This yields a ''quasi-climatological'' view of the ExTL, which has to be seen as the result of constantly occurring mixing events. Single events may exhibit features in tracer-tracer space which strongly differ from the ''quasi-climatological'' mean.
[33] Figure 8 shows the top and bottom of the ExTL as distances from the thermal and dynamical tropopauses. These are derived for every 10°latitude band (except the tropics) and each season using both the H 2 O-O 3 and the CO-O 3 correlations. Figures 8a and 8b show the annual means of the distances from the thermal tropopause derived increases from about 1 -1.5 km in the tropics to 3 -4 km in the polar region. In the SH, the annual mean ExTL top increases less, from about 1 -1.5 km in the tropics to 2.5-3.5 km in the polar region. The ExTL bottom derived from H 2 O-O 3 at NH high latitudes lies around 1 km below the thermal tropopause, and its error bars include the value of 0.8 km derived by Bethan et al. [1996] . The ExTL bottom in the SH decreases with increasing latitude. In the SH subtropics the ExTL extends as deep as 1.5 km below the thermal troposphere, and about 0.5 km below at high latitudes.
[34] The ExTL top derived from CO-O 3 is roughly constant for both hemispheres with a value of 2 km. The ExTL bottom mostly lies around 0.5 km deeper in the troposphere from that derived from H 2 O-O 3 . For both tracer pairs, stratospheric influence on the troposphere appears to maximize in the subtropics with the bottom lying at about À1.5 km. The relatively strong stratospheric influence on the troposphere in the subtropics may be related to a climatological maximum in the distribution of final destinations of deep stratosphere-to-troposphere transport events [Sprenger and Wernli, 2003] . Pan et al. [2004] concluded on the basis of evaluations using ER-2 aircraft measurements at 40°N and 65°N during the STRAT and POLARIS summer campaigns (1995) (1996) (1997) ) that the ExTL is statistically centered around the thermal tropopause. Our findings do not agree with theirs but rather indicate that the thermal tropopause is located somewhat closer to the ExTL bottom, especially at high latitudes. However, note that the location of the ExTL bottom might be biased toward the thermal tropopause by up to 500 m, since we use a higher O 3 threshold than Pan et al. [2007b] to determine the tropospheric branch due to a high bias in the ACE-FTS O 3 in the troposphere (see section 3.2). The difference in the method applied may therefore partly explain the discrepancy.
[35] Figures 8a and 8b (as well as Figure 4) indicate only a weak seasonality in the ExTL bottom and top locations and hence the depth of the ExTL. At latitudes >40°in both hemispheres, the ExTL top tends to be lowest in spring and winter, and higher toward autumn. This agrees qualitatively with the finding by Hoor et al. [2004] that the ExTL depth is around 20-25 K potential temperature in winter, while it increases to around 30 K in summer. A quantitative comparison of the ExTL depth in these different coordinate systems is more difficult, since the isentropes lie closer together in summer than in winter (this can be seen upon close inspection of Figure 5 ). Note the very low values for the ExTL top during SH winter; this may arise from both very strong descent and dehydration inside the Antarctic polar vortex. At latitudes <40°, the interpretation of sea- sonality is more complicated owing to the latitudinal shift and seasonal change in strength (and therefore barrier function) of the subtropical jet [Haynes and Shuckburgh, 2000] .
[36] Figures 8c and 8d show the same results as Figures 8a and 8b but relative to the dynamical tropopause defined by the 3.5 PVU surface. This PV value has been chosen since it lies closest to the thermal tropopause [e.g., Schoeberl, 2004] . Results obtained using the dynamical tropopause are similar to those using the thermal tropopause. The total ExTL depth is about the same, but the ExTL bottom is somewhat better defined by the dynamical tropopause. Hoor et al. [2004] used the 2 PVU surface as tropopause and found that this value lies closer to the ExTL bottom than does the thermal tropopause.
[37] Figure 9 shows the ExTL top and bottom as a function of potential temperature, to allow comparison with extratropical tropopause studies using that vertical coordinate. For example, Berthet et al. [2007] used Lagrangian trajectory calculations driven by ECMWF winds to investigate tropospheric influence on the UTLS and found that the region below 340 K is strongly influenced by ''extratropical'' troposphere-to-stratosphere-transport (TST). This agrees well with our findings showing an average of 340 -350 K for the ExTL top with a weak seasonal and latitudinal dependence suggesting that the TST processes resolved in the ECMWF analyses are representing the main mechanisms responsible for establishing the ExTL.
[38] The values derived above for the latitudinal dependence of the ExTL top and bottom in the NH compare well with earlier evaluations [Bethan et al., 1996; Hoor et al., 2004; Pan et al., 2004; Berthet et al., 2007; Krebsbach et al., manuscript in preparation, 2009 ]. However, a study by Pan et al. [2007b] using aircraft H 2 O and O 3 measurements at 65°indicates a sharper transition between the troposphere and the stratosphere, with an ExTL top at only 1.5 km. This apparent inconsistency needs further examination, but may result from the limited sampling of the aircraft during a particular meteorological situation, since tracer behavior across the tropopause has been seen to be different in anticyclonic and cyclonic flows [Bethan et al., 1996] , or from longitudinal differences in the ExTL depth that have yet to be explored. As noted in section 3.2, the method presented here may to some extent be affected by smearing resulting from the use of tropopause heights derived from meteorological analyses with limited vertical resolution or the fact that the fit to the stratospheric data is better constrained in the case of the satellite data (see section 5.2). Finally, as mentioned in section 2, uncertainties and biases in the tropospheric ACE-FTS H 2 O and O 3 retrievals may affect the results presented here, although the ACE-FTS measurements are quite reliable in the lower stratosphere (see Appendix A and Hegglin et al. [2008] ).
Comparison Between ExTL and TIL Depth
[39] We now compare the ExTL depth derived from the CO-O 3 correlation (Figure 8b ) to the maximum in temperature just above the tropopause, which is a main characteristic of the TIL and will be better illustrated in Figure 11 in section 6.3. As can be seen in Figure 10 , these heights show a strong correlation in an annual mean. Note that for the temperature maxima only JJA and DJF data were available, while for the ExTL top all seasons were included to get full latitudinal coverage. This inconsistency in the comparison may not influence the results significantly since seasonal variations in the ExTL have been seen to be small (see Figure 8b ). However, it could not be shown that such a strong relationship exists between seasonally averaged data. This points toward the importance of different timescales involved in producing the ExTL and the TIL. While the strength of the Brewer-Dobson circulation changes on a seasonal timescale [e.g., Appenzeller et al., 1996b] , filamentation processes, which are the prerequisite for mixing in the lowermost stratosphere, occur on timescales of days to weeks [e.g., Haynes and Anglade, 1997] , and radiative processes adjust with timescales of weeks to months [e.g., Shine, 1987] .
Characteristics of the ExTL and TIL Derived From Vertical Tracer Gradients
[40] We here move on to explore and illustrate characteristic features of the ExTL and TIL using vertical profiles of tracer mixing ratios, their gradients, temperature, and N 2 . . The TIL top is defined as the minimum in N 2 above the thermal tropopause (red triangle). We here define the TIL bottom to be the local minimum in N 2 found below the tropopause (red diamond). The height of the TIL top seems to correspond to a minimum in the H 2 O vertical profile (black triangle), while the bottom coincides with the height at which O 3 changes significantly from fairly well-mixed tropospheric values to steadily increasing stratospheric values (black diamond). Figure 11b shows the zonal mean profiles of the CO gradient, O 3 gradient, and temperature. The absolute value of the CO gradient shows a maximum just at the tropopause (black square), where the temperature has a minimum (red square). The O 3 gradient shows a local maximum at the tropopause, and a minimum about 2.5 km above the tropopause, coincident with a local maximum in temperature (red square). While these features seem interesting, it remains to be shown whether these relationships depend on latitude and season.
[42] As a first step, we plot the vertical profiles of temperature, and the CO and O 3 gradients during summer for all latitudes between 30°N and 70°N in 10°latitude bins. The results are shown in Figure 12 . Figure 12a shows that the height of the relative maximum in the temperature above the tropopause is increasing with increasing latitude. Figure 12b shows that the absolute maximum in the CO gradient is a climatological feature over a broad range of latitudes. Figure 12c shows that the relative maxima and minima in the O 3 gradient at and above the tropopause, respectively, are only apparent for latitude bands >40°N. The heights of the minima in the O 3 gradient above the tropopause are found to increase with increasing latitude, similarly to the relative maxima in the temperature profiles.
[43] For now, we only focus on the maximum in the absolute CO gradient and investigate if it is also found in the SH and for both JJA and DJF. Figure 13 shows that absolute maxima in the CO gradients occur at the thermal tropopause throughout both NH and SH midlatitudes. The relation breaks down in the polar regions during winter, and in the SH subtropical jet region during summer. The maximum in the absolute value of the CO gradient indicates that the thermal tropopause represents a localized minimum in vertical mixing within the tropopause region. This finding is also supported by Figures 2 and 12c , the latter indicating a localized maximum in the O 3 gradient at least at latitudes >40°N.
Vertical Structure and Seasonal Behavior of the ExTL
[44] Radiative transfer calculations presented by Randel et al. [2007] indicate that the strong gradients in H 2 O and Figure 11 change consistently with latitude. For illustrative purposes, the profiles are offset by 1 K, À2 pbbv, and 30 ppbv in Figures 12a, 12b , and 12c, respectively. O 3 observed across the tropopause may contribute to the temperature inversion just above the tropopause that defines the TIL. The findings by Randel et al. [2007] show that H 2 O exerts a cooling effect just above the tropopause, effectively enhancing the inversion and acting in concert with a warming effect by O 3 above.
[45] Figure 14a shows zonally averaged, vertical and latitudinal cross sections of the relative vertical H 2 O gradient in DJF and JJA. For comparison, Figure 14b shows vertical and latitudinal cross sections of N 2 derived from GPS occultation data, taken from Randel et al. [2007] . The two quantities exhibit strikingly similar features, suggesting a strong relationship between them. Both the relative vertical H 2 O gradient and N 2 reveal a clear maximum near 1 km above the tropopause; these maxima are strongest during summer in each hemisphere, with the NH exhibiting larger values than the SH. The winter maxima are less pronounced than the summer maxima, and larger values are seen in the NH than the SH. In the SH winter south of 60°s a local minimum is obvious in both quantities, leading to a dipole character with the local maxima found at midlatitudes. However, the distribution of the relative O 3 gradient (Figure 14c ) does not exhibit the same structure, but a maximum just below the tropopause along with a local minimum between 1 and 4 km above the tropopause during summer. During winter, the O 3 gradients decrease steadily with height. The presence of the relative maxima just below the tropopause at all latitudes supports the relation between O 3 and N 2 presented in Figure 11a .
[46] The above comparison shows that the seasonal changes in and scales of the relative vertical H 2 O gradient and the N 2 structure of the TIL are similar. This result provides observational support for the hypothesis of Randel et al. [2007] that the vertical structure of H 2 O plays a radiative role in forcing and maintaining the TIL.
Summary and Discussion
[47] A climatological evaluation of the global characteristics of the ExTL using CO, O 3 , and H 2 O measurements from the limb-viewing Atmospheric Chemistry Experiment Fourier Transform Spectrometer (ACE-FTS) on Canada's SCISAT-1 satellite [Bernath et al., 2005] is presented, along with analysis of the relationship of the ExTL to the TIL. ACE-FTS has provided accurate measurements of numerous chemical species throughout the middle atmosphere with high vertical resolution (better than 1 km in the UTLS), and with nearly global latitudinal sampling. The results thus extend our knowledge derived from previous aircraft campaigns in terms of latitude, altitude and seasonal coverage.
[48] The study of vertical profiles (and zonal mean cross sections) in tropopause coordinates reveals the existence of an ExTL on the global scale. In the lower stratosphere, only small seasonal variations for both CO and H 2 O are found, with the exception of the NH summer at potential temperature levels between 400 and 440 K, where the CO stratospheric background value of 12-15 ppbv is increased by %10 ppbv. This increase in CO supports the finding of Hegglin and Shepherd [2007] based on the O 3 -N 2 O correlation, that the lowermost stratosphere is being flushed during summer with younger air from the tropics. In the troposphere seasonal variations are more pronounced, in H 2 O because of its dependence on temperature, and in CO because of its dependence on emissions and available sunlight (which determines its photochemical oxidation rate). The seasonal variability propagates into the ExTL, indicating the connection between the ExTL and the troposphere just below. The propagation of the seasonal cycle into the ExTL is consistent with the study by Hoor et al. [2004] , who showed that the seasonal cycle in CO 2 within the first 20 K (potential temperature) above the dynamical tropopause is in phase with the tropospheric cycle; however the amplitude is attenuated indicating the influence of older stratospheric air. CO also shows a strong north -south gradient because of much larger emissions by fossil fuel burning in the NH than in the SH.
[49] The nearly global coverage of the ACE-FTS also allowed us to compare H 2 O-O 3 and CO-O 3 correlations in the tropics and the SH where few previous data are available. A classical L shape [Fischer et al., 2000] is found in the H 2 O-O 3 correlation in the tropics, where vertical transport across the tropopause is mainly upward into the stratosphere and the low tropopause temperatures determine the amount of H 2 O entering the stratosphere by dehydration. In the extratropics, however, the transition is rather gradual, reflecting the influence of stratosphere-troposphere exchange processes and higher tropopause temperatures causing weaker dehydration. On the other hand, the CO-O 3 correlation does not achieve the typical L shape, mainly owing to the chemical lifetime of CO which is comparable to the transport timescales on which troposphere-tostratosphere transport is occurring.
[50] The H 2 O-O 3 and CO-O 3 correlation method of Pan et al. [2007b] was refined and used to derive the ExTL depth in terms of the distance of its top and bottom from the thermal and dynamical tropopauses. The ExTL derived from H 2 O-O 3 extends roughly from around 1 km below to 3 km above the tropopause with some latitudinal and seasonal differences. Its top shows an increase from roughly 1-1.5 km above the thermal tropopause in the subtropics to 3-4 km (2.5-3.5 km) in the north (south) polar region, implying somewhat weaker troposphere-stratosphere-transport in the SH. The fact that the ExTL bottom extends 1 km below the thermal tropopause, indicates a persistent stratospheric influence on the troposphere at all latitudes. This influence is stronger in the subtropics, where the bottom extends 1.5 km below the tropopause. The ExTL top derived from the H 2 O-O 3 pair shows only a weak seasonality, being slightly ($0.5 km) higher during summer and autumn.
[51] The ExTL derived from the CO-O 3 correlation extends roughly from around 1.5 below to 2 km above the thermal tropopause without a strong latitudinal dependence. The ExTL top is found near 2 km or $345 K (1.5 km or $335 K) in the NH (SH). Seasonal variations are small, but show somewhat higher values during summer/autumn than during winter/spring. The ExTL derived by CO-O 3 is thinner than the one derived from the H 2 O-O 3 pair, confirming the results from Krebsbach et al. (manuscript in preparation, 2009 ). The reason for this behavior remains unclear since the main mechanisms that produce the ExTL are still under investigation. However, CO has a shorter lifetime than H 2 O (thus transport signatures may be obscured by chemical changes), and because of the exponential decrease in H 2 O across the tropopause even very small amounts of troposphere-to-stratosphere transport will produce a signature in H 2 O in the lower stratosphere.
[52] The differences between the ExTL depth relative to the thermal and dynamical tropopauses are found to be small in this climatological view using the 3.5 PVU value as dynamical tropopause. However, the results depend on the PV value chosen: 2 PVU has been previously found to mark the bottom of the ExTL [Hoor et al., 2004; Hegglin et al., 2006; Krebsbach et al., 2006] .
[53] Our results also show that the annual average height of the ExTL top derived from the CO-O 3 correlation is strongly related to the height of the maximum in temperature above the tropopause and not as might have been expected by the minimum in N 2 which has been used to define the TIL depth [Bell and Geller, 2008] . The relationship between the temperature maximum and the ExTL top in single seasons is less obvious, which points to differences in the relative importance of dynamical, chemical, and radiative processes, which act on different timescales, in establishing the TIL and ExTL.
[54] The ExTL has been interpreted as the result of diabatic mixing driven by recurrent wave-breaking events in the tropopause region that result from baroclinic instability and produce filaments of tropospheric air advected into the stratosphere and vice versa. These filaments, which exhibit different chemical and radiative characteristics, are then mixed by three-dimensional turbulence generated by dynamical processes such as gravity-wave breaking and clear-air turbulence [e.g., Hegglin et al., 2005] . Comparison of our results with a Rossby wave breaking (RWB) climatology [Hitchman and Huesmann, 2007] reveals that the seasonality and location of strong and frequent RWB events correspond qualitatively well to latitudinal and interhemispheric variations in the ExTL. In particular, there is a maximum in frequency and strength of RWB events at high latitudes between 320 and 350 K (i.e., the tropopause region and 2 -3 km above), and RWB events become less frequent and less intense toward the subtropics. RWB events are, furthermore, more frequent and more intense in the NH than in the SH, consistent with our finding that the ExTL is thinner in the SH than in the NH. The link between the RWB events and the ExTL depth is provided by Berthet et al. [2007] . They show using Lagrangian trajectory calculations that extratropical troposphere-to-stratosphere exchange, which is caused primarily by RWB, extends up to 340 -350 K in the extratropical lower stratosphere consistent with our results derived from the CO-O 3 correlation of the ExTL depth in theta coordinates.
[55] We further explored the chemical and thermal characteristics of the tropopause region using vertical profiles in tropopause coordinates of tracer mixing ratios, their gradients, temperature, and N 2 . Our evaluations reveal a pronounced maximum in the absolute value of the vertical CO gradient directly at the thermal tropopause, which indicates that the thermal tropopause represents a localized minimum in vertical mixing within the tropopause region. Haynes and Shuckburgh [2000] showed that the tropopause acts as a barrier to horizontal (quasi-isentropic) mixing; our results complete this view by showing that it also acts as a barrier to vertical mixing.
[56] Finally, the comparison between zonally and seasonally averaged relative vertical gradients of H 2 O and N 2 reveals that the two variables show very similar patterns and vertical scales. This result provides observational support for the hypothesis of Randel et al. [2007] that the vertical structure of H 2 O plays a radiative role in forcing and maintaining the TIL.
[57] The analyses presented in this paper provide a suite of validation diagnostics for testing the ability of ChemistryClimate Models (CCMs) to simulate the ExTL with its latitudinal and seasonal behavior. The ACE-FTS measurements can be used as a valuable data set for the same purpose and also allow us to test the representativeness of diagnostics derived from geographically limited aircraft measurements.
Appendix A
[58] Because of the strong decrease with altitude of H 2 O in the tropopause region, there is a possibility that the depth of the ExTL derived from the H 2 O measurements may be contaminated by the troposphere. In particular, the concern is that if, along the line of sight (LOS), the tropopause rises above the altitude in question then even a small amount of tropospheric H 2 O would strongly influence the retrieved value. In other words, horizontal integration would introduce a vertical smearing which would be dominated by the influence of the troposphere, which (if true) would mean that the stratospheric part of the transition layer would be an artifact of the retrieval.
[59] To quantify the importance of this effect, we use horizontal profiles of tropopause height from flights of the SPURT aircraft campaign (which are available at high horizontal resolution [Engel et al., 2006] ) to compute the likelihood of a given tropopause displacement as a function of the horizontal displacement, as a probability density function (PDF). As expected, these PDFs broaden as the horizontal displacement increases. Integrating these PDFs along the line of sight (out to 100 km horizontal displacement) produces the combined PDF shown by the grey dashed curve (labeled unshifted) in Figure A1 . The value of 100 km is chosen because the contributions to the LOS value beyond that distance are assigned to a higher tangent height in the retrieval process. The tropopause displacements are mainly limited to a few hundred meters. However, one should also adjust for the fact that the altitude of the LOS increases quadratically away from the tangent point. This is accounted for in the black solid curve. Now it can be seen that it is extremely unlikely that along the LOS one is seeing air that is at a lower altitude (relative to the tropopause) than the tangent height.
[60] The question is whether the negative tail of the distribution in Figure A1 might nevertheless introduce a high bias in the retrieved H 2 O because of the high values in the troposphere. We study the impact of this vertical smearing on the retrieval of a hypothetical water vapor profile that is decreasing exponentially with a scale height of 1 km (see ACE-FTS profiles just above the tropopause in Figure 5 ). This is the fastest rate of decrease found anywhere in the profiles, so is a ''worst case'' result in terms of tropospheric influence. The result is shown in Figure A2 , and is to be interpreted as the likelihood of sampling air with a water vapor value as indicated. The observed value would be the average over the entire PDF. Influence from lower altitudes shows up as values larger than unity, while influence from higher altitudes shows up as values smaller than unity. We see basically no influence from lower altitudes, but a quite significant influence from higher altitudes. (The latter is accounted for in the retrievals assuming a linear altitude dependence of the retrieved variable.) In any case, however, this certainly excludes the possibility of the ExTL in H 2 O being an artifact of contamination by the troposphere. 
